Acinetobacter baumannii is an important nosocomial pathogen usually in the context of serious underlying disease. Multidrug resistance in these organisms is frequent. The ␤-lactamase inhibitors clavulanic acid, sulbactam, and tazobactam have intrinsic activity against Acinetobacter strains. To evaluate their potential therapeutic usefulness, we determined the in vitro activity of ampicillin, sulbactam, ampicillin-sulbactam, cefoperazone, cefoperazone-sulbactam, piperacillin, piperacillin-sulbactam, tazobactam, piperacillin-tazobactam, amoxicillin, clavulanic acid, amoxicillin-clavulanic acid, ticarcillin, and ticarcillin-clavulanic acid against multidrug-resistant A. baumannii. All isolates were epidemiologically characterized by RAPD [random(ly) amplified polymorphic DNA] analysis and/or pulsed-field gel electrophoresis and represented different strain types, including sporadic strains, as well as outbreak-related strains. The MICs were determined by agar dilution on Mueller-Hinton agar (using fixed concentrations, as well as fixed ratios for ␤-lactamase inhibitors) and the E-test. The majority of E-test results were within two dilutions of those recorded by agar dilution, with the exception of piperacillin-tazobactam. Sulbactam was superior to clavulanic acid and tazobactam and may represent an alternative treatment option for infections due to multiresistant A. baumannii strains. ␤-Lactamase inhibitors have intrinsic activity but do not enhance activity of ␤-lactams against A. baumannii. Testing with the inhibitor added at a fixed concentration as recommended for piperacillin-tazobactam and ticarcillinclavulanic acid by the National Committee for Clinical Laboratory Standards may falsely suggest high activity or gives uninterpretable results due to trailing. If combinations are used for testing, fixed ratios may give more useful results.
Acinetobacter species are significant opportunistic pathogens that are usually associated with a serious underlying disease. Nosocomial infections and hospital outbreaks have been mainly attributed to Acinetobacter baumannii (24) . Multidrug resistance is common among these organisms and leaves few therapeutic options. A recent outbreak in New York revealed 12% of A. baumannii isolates to be resistant to all standard antimicrobial agents (15) . Imipenem is considered the "gold standard" treatment; however, resistance to this agent has been reported (13, 15, 17) , mediated through carbapenemhydrolyzing enzymes or a permeability barrier (2, 6) . Alternative therapies are therefore needed. The ␤-lactamase inhibitors sulbactam and tazobactam have been reported to possess intrinsic antibacterial activity against Acinetobacter strains at concentrations achievable in humans (ϳ40 and 5.5 to 51 mg/ liter, respectively) (1, 20, 26, 28, 29) . Sulbactam combinations are bactericidal against A. baumannii in in vivo models (21, 32) . Ampicillin plus sulbactam was used successfully in the treatment of serious infections during an outbreak caused by an epidemic A. baumannii strain that was susceptible to ampicillin plus sulbactam only but resistant to all other available antimicrobial agents, including imipenem (13) .
The testing of antimicrobial agents in combination has been the subject of several publications (25, 27) . At issue is the problem of what inhibitor concentration to use. The National Committee for Clinical Laboratory Standards (NCCLS) guidelines for testing of amoxicillin-clavulanate requires a ratio of 2:1, respectively; however, ticarcillin-clavulanate is tested with a fixed inhibitor concentration of 2 mg/liter (19) . The German (DIN) guidelines are conducted with a fixed concentration of 2 mg of clavulanate/liter (8) , and the British (BSAC) breakpoints are set irrespective of the inhibitor concentration (5) . In testing with sulbactam combinations, the NCCLS guidelines require a ratio of ␤-lactam to sulbactam of 2:1, whereas the German DIN requires a fixed concentration of 8 mg/liter (8) and the BSAC have no recommendations. With piperacillin-tazobactam, both the NCCLS guidelines and the German DIN guidelines require a fixed inhibitor concentration of 4 mg/liter.
The objectives of the present study were to evaluate the activity of three ␤-lactamase inhibitors alone and in combination with their respective ␤-lactam components against epidemiologically characterized A. baumannii strains and to compare the methodology of sensitivity testing with a fixed concentration of inhibitor versus a ratio of inhibitor to ␤-lactam. We also compared E-test and agar dilution sensitivity testing of ␤-lactams and inhibitors.
(This study was presented in part at the 41th Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, Ill., 16 to 19 December, 2001.)
MATERIALS AND METHODS
Bacterial strains. A. baumannii strains (n ϭ 115) were selected from a collection of clinical isolates from Germany, the United States, and various European countries that were obtained between 1991 and 2000 (11, 23, 31) . Phenotypic species identification was performed according to the methods of Bouvet and Grimont, including growth at 37, 41, and 44°C; the production of acid from glucose; gelatin hydrolysis; and the use of 14 different carbohydrates (4) . To ensure that copy strains were eliminated, strains were selected on the basis of having a unique fingerprint pattern as determined by RAPD [random(ly) amplified polymorphic DNA] analysis and/or pulsed-field gel electrophoresis according to previously described methods (10, 23) . Sporadic strains, as well as outbreak-related strains (i.e., one strain per given outbreak), were included. Susceptibility testing. Standard powders of the following ␤-lactams and ␤-lactamase inhibitors were obtained from their respective manufacturers: amoxicillin (GlaxoSmithKline, Munich, Germany), ampicillin (Pfizer, Karlsruhe, Germany), cefoperazone (Pfizer), piperacillin (Wyeth-Lederle, Munich, Germany), ticarcillin (GlaxoSmithKline), clavulanic acid (GlaxoSmithKline), sulbactam (Pfizer), and tazobactam (Wyeth-Lederle). Agar dilution MICs were determined according to published standards and guidelines (19) with cation-adjusted Mueller-Hinton agar (Oxoid, Wesel, Germany) and a final inoculum of 10 4 CFU/ml per spot and with antimicrobial concentrations ranging from 0.03 to 128 mg/liter. MICs were determined with each compound on its own and in combination with ␤-lactamase inhibitors. Clavulanate was added to amoxicillin and ticarcillin at a fixed concentration of 2 mg/liter and at a ␤-lactam/inhibitor ratio of 2:1. Sulbactam was added to ampicillin, cefoperazone, and piperacillin at a fixed concentration of 8 mg/liter and a ratio of 2:1. Tazobactam was added to piperacillin at a fixed concentration of 4 mg/liter and a ratio of 2:1. The following NCCLS breakpoints were used for interpretation of the sensitivity of both ␤-lactams alone and their various inhibitor combinations: amoxicillin and ampicillin at 8 mg/liter and cefoperazone, piperacillin, and ticarcillin at 16 mg/liter.
The MIC for 91 randomly selected strains was also determined on Mueller-Hinton agar by using the E-test (AB Biodisk, Solna, Sweden) according to the recommendations of the manufacturer. The ␤-lactams amoxicillin, ampicillin, cefoperazone, piperacillin, and ticarcillin were investigated. ␤-Lactam-␤-lactamase inhibitor combinations were investigated either at a fixed ratio or with a fixed concentration of the inhibitor as follows: amoxicillin-clavulanic acid (2:1), ampicillin-sulbactam (2:1), cefoperazone-sulbactam (2:1), piperacillin-tazobactam (4 mg/liter), and ticarcillin-clavulanic acid (2 mg/liter).
RESULTS
The in vitro activities of the three ␤-lactamase inhibitors alone and in combination with their respective ␤-lactam components against 115 epidemiologically defined A. baumannii strains as determined by agar dilution are shown in Table 1 . A. baumannii strains were highly resistant to ampicillin, amoxicillin, and cefoperazone, with MICs at which 50% of the isolates are inhibited (MIC 50 s) of 32 to 64 mg/liter, MIC 90 s of Ն256 mg/liter, and susceptibility rates of 4.4, 7, and 8.7%, whereas 40 and 62.6% of strains were susceptible to piperacillin (MIC 50 and MIC 90 ϭ 32 and Ն256 mg/liter, respectively) and ticarcillin (MIC 50 and MIC 90 ϭ 16 and Ն256 mg/liter, respectively).
The ␤-lactamase inhibitors when tested alone were more active than the ␤-lactams against most of the isolates, with lower MIC 50 and MIC 90 values. Sulbactam (MIC 50 , 2 mg/liter; MIC 90, 32 mg/liter) was more active than tazobactam (16 and 64 mg/liter), and clavulanic acid (16 and 64 mg/liter) ( Table 1) . Of 115 isolates, 13 (11%) exhibited sulbactam MICs of Ն32 mg/liter, and 9 of these were outbreak-related strains (data not shown). The combination of a ␤-lactam and a ␤-lactamase inhibitor had the effect of lowering the MIC in all but the most resistant strains. A ratio of ␤-lactam to inhibitor gave MIC distributions similar to those of the inhibitors on their own. The addition of sulbactam to ampicillin raised the sensitivity level from 4% to 75.7 to 80.9% depending on whether it was present as a fixed concentration or as a ratio. A similar level of sensitivity, as well as a similar MIC distribution, was found when sulbactam was tested alone or when combined with cefoperazone or piperacillin at a fixed ratio, reflecting the intrinsic activity of the inhibitor ( Fig. 1 and 2) . A bimodal distribution of MIC can be seen with sulbactam combinations tested at Tazobactam combined with piperacillin increased the level of sensitivity from 40% to 59.7 to 73.9%. However, 38 strains did not record a readable MIC against piperacillin-tazobactam with the fixed inhibitor concentration of 4 mg/liter. Colonies on the agar dilution plates "trailed," i.e., a few colonies were present at a number of concentrations, and no clear endpoint was reached; however, there were not enough colonies to justify recording a high MIC. Most of these strains might be read as susceptible because the corresponding MICs of 35 of them, upon testing with a piperacillin-tazobactam ratio of 2:1, were Յ16 mg/liter. However, MICs would falsely suggest a high activity of the combination if this growth is ignored. When tested alone with tazobactam, 29 of the 38 strains had an MIC of Յ8 mg/liter (range, 2 to 32 mg/liter). Although testing with the fixed concentration of tazobactam gave a lower overall level of susceptibility than a ratio (59.7 versus 73.9%), the fixed tazobactam concentration gave the impression of hypersusceptibility since 16 strains had an MIC of Յ0.12 mg/liter ( Fig. 3) . A similar observation was also made with the other fixed combinations-amoxicillin-clavulanic acid (2 mg/liter), ticarcillinclavulanic acid (2 mg/liter), and piperacillin/sulbactam (8 mg/ liter)-with 6 to 14% of strains giving unreadable endpoints due to trailing.
Clavulanate was the least effective inhibitor. In combination with amoxicillin, there was 18.5 to 30.4% susceptibility reported, but clavulanate showed greater activity if combined on November 8, 2017 by guest http://aac.asm.org/ with ticarcillin, a result that reflects more the ticarcillin potency than the potency of the combination. A total of 62% of the strains were susceptible to ticarcillin alone, and this value was only raised 0.7% with the addition of 2 mg of clavulanate/liter. A fixed concentration of clavulanate resulted in less sensitivity than was achieved in tests with the ratio; however, these differences were not as pronounced as with the other inhibitor combinations.
The distribution of MICs determined by E-test is shown in Table 2 . Compared to agar dilution MIC, E-tests recorded higher sensitivity levels with inhibitor combinations (Table 3 ). An exception to this were tests with ticarcillin-cefoperazone, which showed less sensitivity. MIC 50 values as determined by E-test were similar to those obtained by agar dilution. Cefoperazone by E-test recorded an elevated MIC 50 of Ն256 compared to 64 by agar dilution. The piperacillin-tazobactam combination tested by E-test yielded an MIC 50 Յ0.03 mg/liter versus an MIC 50 of 16 mg/liter obtained by agar dilution; however, if the strains that did not record an MIC by agar dilution due to trailing are omitted from the E-test comparison, there was no difference in the MIC 50 between the two testing methods. These differences may result from the particular diffusion property of tazobactam in the E-test strips, leading to an antimicrobial activity that is not comparable to the conditions of tazobactam dissolved in agar. Of note, the classical E-test ellipse is often not seen with A. baumannii and piperacillin-tazobactam, and instead the growth inhibition zone rather resembles a cylindrical shape of uniform inhibition (Fig. 4) . The lower panel of Fig. 4 shows a pear-shaped inhibitory zone with ticarcillin-clavulanate. In this case, an elliptical inhibitory zone caused by the ticarcillin meets the cylindrical zone of the clavulanate. In addition, in a few cases the results were unreadable. The E-test also gives the impression of strains hypersusceptible to ticarcillin-clavulanate and pipera- cillin-tazobactam (MIC, Յ0.03 mg/liter) that were not seen by agar dilution. Table 3 shows the agreement between the E-test and agar dilution methods. The majority of ␤-lactam MICs were within one dilution on either side of their corresponding agar dilution MIC (90 to 67%). When combined with an inhibitor, this level of agreement is considerably less. Only 25% of piperacillin-tazobactam E-test MICs were within one dilution, and 44% were within two dilutions of the agar dilution MIC.
DISCUSSION
A. baumannii is an important nosocomial pathogen, particularly in intensive care units. A major cause for concern is its increasing multidrug resistance which now encompasses what is considered the drugs of choice, the carbapenems. The SEN-TRY surveillance in 1997 to 1999 found 11% resistance to the carbapenems (9), highlighting the need for new treatment options to combat this threat. Imipenem-amikacin drug combinations have been tried in a mouse model but did not improve upon imipenem monotherapy (22) , although synergy between these drugs has been reported in vitro (18) . Another combination, ampicillin-sulbactam, has been shown to be efficacious in treatment of multidrug-resistant A. baumannii meningitis and ventilator-associated pneumonia (7, 13, 33) .
It has been shown previously that ␤-lactamase inhibitors, sulbactam in particular, have intrinsic activity against A. baumannii (1, 12, 16, 27, 29) . The activity of ␤-lactam-␤-lactamase inhibitor combinations used at a fixed ratio of ␤-lactam to inhibitor is reflected mainly by the MICs of the respective inhibitors alone. For sulbactam this was shown by nearly identical MIC distributions of the three ␤-lactam-␤-lactamase inhibitor combinations and sulbactam alone and also by nearly identical MICs for any given strain (data not shown). Similar results were observed with tazobactam-and clavulanate-containing combinations if compared to the inhibitors alone. We found the use of a fixed concentration of inhibitor against sensitive isolates to record a lower MIC than when tested at a ratio of 2:1. For example, all combinations with sulbactam at a fixed concentration of 8 mg/liter yielded MICs of Յ0.03 mg/ liter for nearly 80% of the A. baumannii strains. This may falsely suggest excellent potency of the drug combination (MIC 80 , Յ0.03 mg/liter) against these otherwise ␤-lactam-resistant strains. In contrast, if used at a ratio with a ␤-lactam, as proposed by the NCCLS, the corresponding drug combination would have MICs at least six dilution steps higher (MIC 80 , 16 mg/liter) without a major impact on the susceptibility rates. This finding is unsurprising given that sulbactam is more potent than any of the ␤-lactam agents tested and that at 8 mg/liter the majority of isolates are susceptible (12), a finding confirmed here. However, when tested against intermediate and resistant isolates, a fixed ratio yields a lower MIC 90 . In spite of these considerable MIC differences, there is no difference in the overall resistance levels between fixed-ratio and fixed-concentration testing with sulbactam.
Given the achievable concentrations of sulbactam in serum after parenteral administration of usual doses, this may not have a major impact upon the therapy of respiratory tract or bloodstream infections. However, in the case of meningitis, in which drug levels 10 times the MIC are required in the spinal fluid for cure, it may well make a difference if the MIC of the drug combination is Յ0.03 or 8 mg/liter, and clinical treatment failures have been reported (13) . In contrast, Jones and Dudley found with the Enterobacteriaceae that testing ampicillin-sulbactam by disk diffusion and agar dilution overestimated clinical resistance, and these authors also proposed a change in MIC breakpoint (14) .
A. baumannii ␤-lactamases are not as sensitive to clavulanate as ␤-lactamases from other gram-negative organisms such as BRO from Moraxella catarrhalis (3) or even not sensitive at all. Ampicillin resistance in M. catarrhalis is almost completely abolished with clavulanate, whereas it is not clear if the improved activity of ␤-lactams such as amoxicillin or ticarcillin in combination with clavulanate compared to the use of ␤-lactam alone reflects any impact of the inhibitor on the ␤-lactamase of A. baumannii. The intrinsic activity of clavulanate against A. baumannii is low, and this is also reflected by the relatively low level of sensitivity when clavulanate is used in combination with amoxicillin. The higher activity of ticarcillinclavulanate combinations reflects the greater potency of the ␤-lactam. Testing amoxicillin with a fixed clavulanate concentration leads to an overall lower level of sensitivity in A. baumannii compared to testing with a fixed ratio (18% versus a The fixed ratio of ␤-lactam to inhibitor was 2:1. The fixed concentration of ␤-lactamase inhibitor is given in milligrams per liter. AMP, ampicillin; SAM, ampicillin-sulbactam; CFP, cefoperazone; SUL, sulbactam; AMX, amoxicillin; AMC, amoxicillin-clavulanic acid; TIC, ticarcillin; TIM, ticarcillin-clavulanate; PIP, piperacillin; TZP, piperacillin-tazobactam. 30%), a finding previously reported in Escherichia coli (25, 27) . It has been argued that amoxicillin-clavulanate should be tested like ticarcillin-clavulanate, at a fixed concentration and not at a ratio (27) . This is to err on the side of caution and assume strains are less sensitive because a fixed concentration produces a lower level of sensitivity. With ticarcillin-clavulanate the same result is obtained: a ratio produces a higher level of sensitivity than a fixed concentration and is a reflection of the different amounts of clavulanate. However, given that Ͻ1% of the isolates we tested had a clavulanate MIC of Յ2 mg/liter, testing with a fixed concentration of 2 mg/liter would be expected to have had little effect. We therefore recommend that ticarcillin-clavulanate be tested at a 2:1 ratio for a better indication of sensitivity of A. baumannii.
The NCCLS guidelines for sensitivity testing with piperacillin-tazobactam require a fixed concentration of 4 mg of inhibitor/liter. This correlates well with in vivo data in which the C max values approximate 4 mg/liter (14) . We tested our strains with a fixed tazobactam concentration and ratio. Our data do not show any difference in MIC 50 between the testing methods; however, with the fixed concentration, the MIC 90 is higher. In spite of this, there is a group of strains-those with a tazobactam MIC of Յ4 mg/liter -that appear to be highly sensitive to piperacillin-tazobactam with MICs ranging from Յ0.03 to 0.12 mg/liter. As with sulbactam tested with the fixed concentration, this could result in overestimating the level of susceptibility and may lead to underdosing and treatment failure, especially in the case of meningitis or other deep-seated infections. If a fixed inhibitor concentration is used that is above or close to the MIC of the strain, the interpretation of MIC results is further hampered by the fact that these strains either do not grow, even at the lowest concentration of the ␤-lactam agent, or that growth for each dilution of the ␤-lactam is equally reduced to a few colonies that prevent interpretation of the results (trailing). The activity of piperacillin-tazobactam could thus not be determined for 33% of strains by agar dilution. Similar observations were made when we used broth microdilution (unpublished observations).
The use of E-tests for ␤-lactam testing was in agreement with limits previously reported by Visalli et al. (30) . However, testing of ␤-lactam-inhibitor combinations at fixed concentrations such as piperacillin-tazobactam and ticarcillin-clavulanate by E-test for A. baumannii is not to be recommended since the results may overestimate sensitivity. It can be speculated that antimicrobial disk susceptibility testing of ␤-lactaminhibitor combinations that also involves fixed inhibitor concentrations can lead to misleading results.
We conclude that in vitro results of ␤-lactam-␤-lactamase inhibitor combinations against A. baumannii are mainly determined by the activity of the inhibitors alone and influenced by whether a fixed ratio of inhibitor to ␤-lactam or a fixed concentration of the inhibitor is used. This can be attributed to the intrinsic activity of the inhibitors and not to ␤-lactamase inhibition (7) . Sulbactam has good intrinsic antimicrobial activity against multidrug-resistant Acinetobacter strains at concentrations readily achievable in human serum (29) and may therefore have some therapeutic implications in the treatment of infections caused by multidrug-resistant A. baumannii infections. However, A. baumannii strains with elevated sulbactam MICs (Ն32 mg/liter) exist, and the majority of these strains were outbreak related. Susceptibility testing of this inhibitor alone is therefore clearly warranted. Tazobactam and clavulanic acid, in contrast, were only moderately active or inactive. Antimicrobial susceptibility testing of ␤-lactam-␤-lactamase inhibitor combinations by agar dilution or E-test should be interpreted with caution. This is especially true if the inhibitor is used at a fixed concentration that is at or above the MIC of the inhibitor against the majority of strains. The combinations baumannii strains susceptible to the combination, but further clinical studies or animal models of infection are needed to confirm whether these strains respond to standard doses of the drug combinations.
